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ABSTRACT
Properties of the solar wind are discussed and applied to the effect of the wind on
motion of bodies in the Solar System. The velocity density function for the solar
wind constituents is given by the κ−distribution. The relevant contributions to the
solar wind action contain also the sputtering and reflection components in addition
to direct impact. The solar wind effect is more important than the action of the solar
electromagnetic radiation, as for the secular orbital evolution. The effect of the solar
corpuscular radiation is more important than the Poynting-Robertson effect even when
mass of the dust particle is considered to be constant, non-radial component of the
solar wind velocity is neglected and the time dependence of the solar wind properties
is ignored.
The presented equation of motion of a body under the action of the solar radi-
ation, electromagnetic and corpuscular, respects reality in a much better way than
the conventionally used equation. The acceleration of the body is proportional to the
superposition of the radial velocity component multiplied by the numerical coefficient
[2 + (η1 + η2)/Q
′
pr
] and the transversal velocity component multiplied by the numer-
ical coefficient (1 + η2/Q
′
pr
), where Q ′
pr
is the dimensionless efficiency factor of the
radiation pressure. Here η1
.
= 1.1, η2
.
= 1.4 and the velocity is the body’s velocity with
respect to the Sun. Also time variability of η1 and η2 due to the solar cycle is given.
The dimensionless cross section the dust grain presents to wind pressure is about
4.7. This value differs from the conventionally used value 1.0. The mass-loss rate of
the zodiacal cloud is 4-times higher than the currently accepted value, as for the
micron-sized dust particles.
Key words: celestial mechanics, interplanetary medium, meteors, meteoroids, stars:
winds, outflow.
1 INTRODUCTION
Various non-gravitational forces have to be taken into ac-
count when dealing with orbital evolution of dust particles
in the Solar System. Solar corpuscular radiation, i.e. solar
wind, plays an important role besides the effect of solar elec-
tromagnetic radiation. Conventional approach considers the
solar wind effect to be (20-30)% contribution to the veloc-
ity dependent part of the solar electromagnetic radiation
effect (e.g., Whipple 1955, 1967, Dohnanyi 1978, Abe 2009).
This simple idea may not correspond to reality, in general
(Klacˇka 1994, Bruno et al. 2003, Klacˇka et al. 2008, 2012,
Klacˇka 2013).
This paper discusses the importance of the solar wind
effect on the motion of an interplanetary dust particle (IDP).
The paper may be considered as an another paper trying
to understand action of various non-gravitational effects on
motion of the IDPs. While the action of the electromag-
netic radiation on spherical bodies, known as the Poynting-
Robertson (P-R) effect, is well understood now (Poynting
1903, Robertson 1937, Klacˇka 1992b, 2004, 2008a, 2008b,
Klacˇka et al. 2009). Current understanding of the P-R ef-
fect is exact and it respects both the Lorenz-Mie solution of
Maxwell’s equations (Lorenz 1890, Mie 1908) and the rel-
ativity theory. While the action of the electromagnetic ra-
diation is completely understood now, even for arbitrarily
shaped dust grains, this paper shows that the action of the
solar wind cannot be considered to be satisfactorily under-
stood. We reconsider the conventional statement that the
P-R effect is (3 - 5)-times more important than the solar
wind effect, as for the long-term evolution of the IDP. Al-
though Klacˇka (2013) has shown that the P-R effect is only
1.5-times more important than the action of the solar wind,
the result holds for the Maxwell-Boltzmann velocity distri-
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bution of the solar wind corpuscles. This paper will got fur-
ther and it will consider κ−distribution as a more realistic
velocity distribution of the solar wind corpuscles.
This paper discusses the importance of the solar wind
effect on motion of an IDP. We will concentrate on the fact
that the kappa-distribution is the relevant velocity distri-
bution for the solar wind corpuscles, in difference from the
conventional approach considering the Maxwell-Boltzmann
velocity distribution. Also the fact that the relevant contri-
butions of the solar wind action on the IDP contain also the
sputtering and reflection components in addition to direct
impact, will be taken into account.
Action of an interstellar gas flow is relevant in the outer
planetary zone and beyond it (Pa´stor et al. 2011). We will
not treat the interstellar gas flow in our paper (we are con-
straining our analysis to low gas density regimes).
Stellar winds exist in greater part of stars (see, e.g.,
Strubbe and Chiang 2006, Plavchan et. al 2009). Thus, bet-
ter understanding of the action of the solar wind on evolu-
tion of bodies in the Solar System can improve our under-
standing of dust dynamics in disks around the stars.
2 SOLAR WIND INDUCED FORCE
We are interested in the solar wind induced force acting on
an IDP. The relative velocity of an individual solar wind
particle with respect to the solar wind rest frame is
−→w = −→u −−→u0 , (1)
where the vector −→u is the velocity of the individual solar
wind particle with respect to the Sun and the vector −→u0 ≡
〈−→u 〉 is the solar wind bulk velocity or the mean/average solar
wind velocity for a given moment (we do not consider the
oscillation over the solar cycle, now). The relative velocity
of the individual solar wind particle with respect to the IDP
is
−−→vrel = −→u −−→v = −→w − (−→v −−→u0) , (2)
where −→v is the velocity of the IDP with respect to the Sun.
The momentum transferred per impact is
ξ mi −−→vrel , (3)
where ξ is the adsorption coefficient or sticking factor, which
describes the actual type of collision (i.e., specular, or dif-
fuse, or adsorption; ξ ∈ 〈1, 2〉) and mi is the mass of a so-
lar wind particle (i.e., proton, electron, alpha-particle He2+,
...).
The solar wind flux is
Φswi(ϕ,−→r ) = ni(ϕ,−→r ) |−−→vrel| ,
ni(ϕ,−→r ) = ni0(ϕ, −ˆ→r )
(
r0
r
)2
≡ ni0
(
r0
r
)2
,
r0 ≡ 1 AU , (4)
where ni0(ϕ, −ˆ→r ) is the local concentration of solar wind par-
ticles at 1 AU and it is a function of the solar cycle phase ϕ
and heliocentric (unit) position vector −ˆ→r , in general. After
multiplying by the cross-sectional area πR2 of the IDP of
radius R we get the number of solar wind particles
πR2 ni(ϕ,−→r ) |−−→vrel| (5)
interacting with the IDP per second.
Multiplication of expressions (3) and (5)
ξ mi −−→vrel πR2 ni(ϕ,−→r ) |−−→vrel| (6)
describes a change of momentum of the IDP after all inter-
actions with solar wind particles per second. The solar wind
induced force generated by the i−th type of the solar wind
particles leads to the acceleration
−→
Fi = ξ
mi
m
πR2 ni(ϕ,−→r )
×
∞∫
−∞
∞∫
−∞
∞∫
−∞
|−−→vrel| −−→vrel fi(−→w ) d3−→w ,
−−→vrel = −→w −−→l ,−→
l ≡ −→v −−→u0 , (7)
where fi(−→w ) is a density function describing some velocity
distribution and m is mass of the body under the action of
the solar wind (interplanetary dust particle).
If the solar wind particles would behave as particles
of an ideal gas, then one should use the Maxwell velocity
distribution
fMi (−→w ) =
(
mi
2πkTMi
)3/2
exp
(
−mi
−→w 2
2kTMi
)
, (8)
where k is the Boltzmann constant, mi is mass of the ideal
gas particle and TMi is the Maxwellian temperature. How-
ever, the physical kinetic model of the solar wind is based
on the generalized Lorentzian or κ−distribution density
function for solar wind particles (Vasyliunas 1968, Scudder
1992a, 1992b, Maksimovic et al. 1997, Pierrard et al. 2004,
Gloeckler et al. 2010, Lazar et al. 2012):
fκi (−→w ) = 1
(πκi w2κi)
3/2
Γ(κi + 1)
Γ(κi − 1/2)
×
(
1 +
−→w 2
κi w2κi
)−(κi+1)
, (9)
where Γ(x) is the gamma function and wκi is an equiva-
lent thermal speed. The wκi is related to the Maxwellian
(thermal) temperature TM by
wκi =
√
(2κi − 3) k TMi
κi mi
. (10)
We remind that lim
κ→∞
fκ(−→w ) = fM (−→w ).
In order to find the acceleration
−→
Fi, we have to insert
Eqs. (8)-(10) into Eq. (7). One easily obtains (compare Ba-
naszkiewicz et al. 1994 - Appendix B)
−→
Fi =
1
m
Λi (
−→
I1i − I2i−→l ) , (11)
where
Λi ≡ ξ m5/2i π−1/2 R2 ni(ϕ,−→r )
×
(
1
2kTMi
)3/2
, Maxwell distr. ,
Λi ≡ ξ mi π−1/2 R2 ni(ϕ,−→r )
× 1
(κi w2κi)
3/2
Γ(κi + 1)
Γ(κi − 1/2) , κ− distr. ,
−→
l ≡ −→v −−→u0 (12)
c© 2012 RAS, MNRAS 000, 1–??
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and
−→
I1i =
∞∫
−∞
∞∫
−∞
∞∫
−∞
|−→w −−→l | −→w gi(−→w ) d3−→w ,
I2i =
∞∫
−∞
∞∫
−∞
∞∫
−∞
|−→w −−→l | gi(−→w ) d3−→w ,
gi(−→w ) = exp
(
−mi
−→w 2
2kTMi
)
, Maxwell distr. ,
gi(−→w ) =
(
1 +
−→w 2
κi w2κi
)−(κi+1)
, κ− distr. . (13)
Taking
−→
l = |−→l | −ˆ→l ≡ l −ˆ→l , we have |−→w − −→l | =√
w2 + l2 − 2 w l cos ϑ′, where we used w = |−→w | and −→w
· −ˆ→l = w cosϑ′. Thus, using spherical polar coordinates in
velocity space w ∈ 〈0,∞), ϑ′ ∈ 〈0, π〉, ϕ′ ∈ 〈0, 2π) and the
orthonormal vectors −ˆ→e 1, −ˆ→e 2, −ˆ→l , we have −→w = w sin ϑ′
cosϕ′ −ˆ→e 1 + w sinϑ′ sinϕ′ −ˆ→e 2 + w cos ϑ′ −ˆ→l and d3−→w =
w2 sin ϑ′ dw dϕ′ dϑ′. Eqs. (13) can be rewritten, using sub-
stitution and per partes methods, to the form
−→
I1i = 2 π
∞∫
0
dw
π∫
0
dϑ′
[
w3 gi(w)
×
√
w2 + l2 − 2 w l cosϑ′ cosϑ′ sinϑ′
] −ˆ→
l
= 2 π
∞∫
0
w3 gi(w)
1∫
−1
x
×
√
w2 + l2 − 2 w l x dx dw −ˆ→l
= − 2π
3
∞∫
0
w2 gi(w)
[
|w − l|3 + (w + l)3
+
|w − l|5 − (w + l)5
5 w l
]
dw
−ˆ→
l
l
= − 4π
15
l∫
0
w4
(
5− w
2
l2
)
gi(w) dw
−ˆ→
l
− 4π
15
l
∞∫
l
w3
(
5− l
2
w2
)
gi(w) dw
−ˆ→
l ,
I2i = 2π
∞∫
0
w2gi(w)
1∫
−1
√
w2 + l2 − 2 w l x dxdw
= − 2π
3
l−1
∞∫
0
wgi(w)
[
|w − l|3 − (w + l)3
]
dw
=
4π
3
l
l∫
0
w2
(
3 +
w2
l2
)
gi(w) dw
+
4π
3
∞∫
l
w3
(
3 +
l2
w2
)
gi(w) dw ,
gi(−→w ) = exp
(
−mi
−→w 2
2kTMi
)
, Maxwell distr. ,
gi(−→w ) =
(
1 +
−→w 2
κi w2κi
)−(κi+1)
, κ− distr. . (14)
2.1 Maxwell velocity distribution
As for the Maxwell velocity distribution, Eqs. (14) yield
−→
I1i =
π
2
{
− 1
l
(
mi
2kTMi
)−3
exp
(
− mi l
2
2kTMi
)
+
√
π erf
(
l
√
mi
2kTMi
)
×
[
1
2 l2
(
mi
2kTMi
)−7/2
−
(
mi
2kTMi
)−5/2]} −ˆ→
l ,
I2i =
π
l
(
mi
2kTMi
)−3/2
times[
l
(
mi
2kTMi
)−1/2
exp
(
− mi l
2
2kTMi
)
+
√
π erf
(
l
√
mi
2kTMi
) (
kTMi
mi
+ l2
)]
, (15)
where
erf (x) =
2√
π
∫ x
0
exp
(
− t2
)
dt (16)
is the error function.
Eqs. (11), (12) and (15) yield for the acceleration due
to the solar wind particles
−→
F = − π R
2
∑
i
mi ni0 cDi
m ξ
(
r0
r
)2
|−→v −−→u0|2 −ˆ→l ,
−ˆ→
l = (−→v −−→u0)/|−→v −−→u0| ,
i = e, p, α, ... ,
r0 = 1 AU , (17)
where r is the heliocentric distance, the symbols p, α and e
denote protons, He2+ and electrons, cDi is the drag coeffi-
cient given by
cDi =
ξ
Mi
(
1 +
1
2M2i
)
e−M
2
i√
π
+ ξ
(
1 +
1
M2i
− 1
4M4i
)
erf (Mi) (18)
and
Mi = |−→v −−→u0|/
√
2kTMi
mi
(19)
is the Mach number, u0 = 450 (468) km s
−1 (Hundhausen
1997, Zirker 1981) and ξ is the adsorption coefficient or stick-
ing factor which describes the actual type of collisions, ξ = 2
for adsorption. Eq. (17) differs from Eqs. (19)-(20) and Eq.
(A9) presented by Banaszkiewicz et al. (1994).
Rewriting Eq. (17) into the form
−→
F =
π R2 mp np0
m ξ
(∑
i
mi ni0
mp np0
cDi
)
c© 2012 RAS, MNRAS 000, 1–??
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×
(
r0
r
)2
|−→u0 −−→v | (−→u0 −−→v ) ,
i = e, p, α, ... ,
r0 = 1 AU , (20)
helps us to obtain the form corresponding to Banaszkiewicz
et al. (1994):
−→
F =
π R2 mp np0
m ξ
(∑
i=p,α
cdD,i
) (
r0
r
)2
× |−→u0 −−→v | (−→u0 −−→v ) ,
r0 = 1 AU , (21)
cdD,α =
mα nα0
mp np0
cdD,p . (22)
since the acceleration generated by the solar wind electrons
and other ions is negligible, see Banaszkiewicz et al. (1994 -
p. 373). The terms cdD,i correspond to direct impact.
If also sputtering and reflections (besides the direct im-
pact) are considered, then
−→
F =
π R2 mp np0
m ξ
ctotalD
(
r0
r
)2
|−→u0 −−→v | (−→u0 −−→v ) ,
r0 = 1 AU , (23)
where
ctotalD =
∑
i
(
cdD,i + c
s
D,i + c
r
D,i
)
i = e, p, α, ... (24)
and the indices d, r and s refer to direct impact, sputtering
and reflection, respectively. Conventionally, cdD,p = 2 for the
adsorption coefficient ξ = 2.
As for the direct impact, we can write
cdD,p + c
d
D,α = c
d
D (1 + αd) ,
αd =
nα mα
np mp
,
cdD,e = c
d
D e ζd ,
ζd =
ne me
np mp
. (25)
Using the values presented in Appendix C in Ba-
naszkiewicz et al. (1994 - p. 373), we can write
csD,p + c
s
D,α = c
d
D (0.15 + αs) ,
αs ∈ 〈10, 15〉 nα
np
, (26)
for various materials, and,
crD,p + c
r
D,α = c
d
D (0.01 + αr) ,
αr = 0.0015 . (27)
Moreover, it is assumed that
csD,e = 0 ,
crD,e = 0 . (28)
2.2 κ−distribution
It is well-known that κ−distribution match the observa-
tional data on solar wind particles in much better way than
the Maxwell-Boltzmann distribution (see, e.g., Maksimovic
et al. 1997 - Fig. 3, Lazar et al. 2012). The constituents
of the solar wind are: electrons, protons, helium nuclei (α-
particles), heavy ions and molecular ions (carbon, nitrogen,
oxygen, neon, sodium, magnesium, argon, sulphur, potas-
sium, silicon, iron, CH+, NH+, OH+, H2O
+, H3O
+, MgH+,
HCN+, C2H
+
4 , SO
+ and many others), see, e.g., Pierrard et
al. (2004), Gloeckler et al. (2010). The constituents are char-
acterized by the values κ ∈ 〈2, 5) (e.g., Lazar et al. 2012).
The solar wind-induced acceleration has the following
form, in the case of the κ−distribution of the solar wind
particles, see Eqs. (10), (11), (12) and (14):
−→
F i =
1
m
Λκi (
−−→
I1κi − I2κi−→l ) ,
Λκi ≡ ξ mi π−1/2 R2 ni(ϕ,−→r )
× 1
(κi w2κi)
3/2
Γ(κi + 1)
Γ(κi − 1/2) ,
−→
l ≡ −→v −−→u0 ,
−−→
I1κi = − 4π
15
l∫
0
w4
(
5− w
2
l2
)
×
(
1 +
w2
κi w2κi
)−(κi+1)
dw
−ˆ→
l
− 4π
15
l
∞∫
l
w3
(
5− l
2
w2
)
×
(
1 +
w2
κi w2κi
)−(κi+1)
dw
−ˆ→
l ,
I2κi =
4π
3
l
l∫
0
w2
(
3 +
w2
l2
)(
1 +
w2
κi w2κi
)−(κi+1)
dw
+
4π
3
∞∫
l
w3
(
3 +
l2
w2
)(
1 +
w2
κi w2κi
)−(κi+1)
dw ,
wκi =
√
(2κi − 3)kTMi/(κimi) ,
−ˆ→
l =
−→
l /|−→l | . (29)
The acceleration represented by Eqs. (29) corresponds to the
direct impact component. Thus, the total acceleration can
be written as
−→
F
.
=
πR2mpnp0
m ξ
(
r0
r
)2
|−→u0 −−→v |(−→u0 −−→v ) ctotD ,
ctotD =
∑
j
(
cdD,j + c
s
D,j + c
r
D,j
)
,
cdD,j =
4 ξ2√
π
Γ(κj + 1)
Γ(κj − 1/2)
cdD,j(M)
cdD
×Xdj ,
cdD,j(M) = c
d
D
nj mj
np mp
,
csD,p = 0.15 c
d
D ,
csD,e
.
= 0 ,
csD,j = 〈2.50, 3.75〉 × cdD nj mjnp mp , if j 6= e, p ,
crD,j = 0.01 c
d
D
nj mj
np mp
,
ξ = 2 ,
cdD = 2 ,
c© 2012 RAS, MNRAS 000, 1–??
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r0 = 1 AU ,
j = e, p, 4He, heavy ions, molecular ions , (30)
where also Eqs. (22), (25), (26), (27) and (28) are used (ex-
perimental data may improve the numerical values, in fu-
ture), and,
Xdj =
4
3
q3j
∫
∞
1
x/5 + x3(
1 + q2j x
2
)κj+1 dx
+ q3j
∫ 1
0
x2 + 2x4/3− x6/15(
1 + q2j x
2
)κj+1 dx ,
qj = |−→u0 −−→v |/(√κj wκj) ,
wκj =
√
(2κj − 3) k TM,j/(κj mj) . (31)
The first integral in Eqs. (31) can be easily calculated
using substitution and per partes methods:
I∞,j ≡
∫
∞
1
x/5 + x3(
1 + q2j x
2
)κj+1 dx
=
3
5 κj
1
q2j
(
1 + q2j
)κj
[
1 +
5
(
1 + 1/q2j
)
6 (κj − 1)
]
. (32)
Similarly, the second integral in Eqs. (31) yields
I0,j ≡
∫ 1
0
x2 + 2x4/3− x6/15(
1 + q2j x
2
)κj+1 dx
=
1
2κj
[
1
q3j
J (κj , qj) − 8
5
1
q2j
(
1 + q2j
)κj
]
+
1
2κj (κj − 1)
1
q5j
J (κj − 1, qj)
− 5
12κj (κj − 1)
1
q4j
(
1 + q2j
)κj−1
− 1
4κj (κj − 1)
1
q7j
× [J (κj − 2, qj)− J (κj − 1, qj)] ,
J (ζ, q) ≡
∫ q
0
(
1 + z2
)− ζ
dz . (33)
Eqs. (31), (32) and (33) yield
Xdj =
1
4
1
κj (κj − 1)
1
qj
(
1 + q2j
)κj−1 +
1
2
1
κj
J (κj , qj) +
1
2
1
κj (κj − 1)
1
q2j
(
1 +
1
2
1
q2j
)
J (κj − 1, qj)
− 1
4
1
κj (κj − 1)
1
q4j
J (κj − 2, qj) ,
J (ζ, q) ≡
∫ q
0
(
1 + z2
)− ζ
dz ,
J (ζ, q) =
2ζ − 3
2 (ζ − 1) J (ζ − 1, q)
+
1
2 (ζ − 1)
q
(1 + q2)ζ−1
,
qj = |−→u0 −−→v |/(√κj wκj) ,
wκj =
√
(2κj − 3) k TM,j/(κj mj) . (34)
quantity Zirker Hundhausen
np0 [ cm−3 ] 8.70 6.60
nα0 [ cm−3 ] 0.34 0.25
ne0 [ cm−3 ] 9.38 7.10
u0 [ km s−1 ] 468 450
Table 1. Characteristics of the solar wind, according to the data
presented by Zirker (1981 – Tables 5-3 and 5-4) and Hundhausen
(1997 – p. 92). Average values of the concentrations of protons,
He2+ and electrons (at 1 AU), together with the average value of
the wind speed are presented.
j nj/np
e 1.076
p 1.000
4He 3.788 × 10−2
16O (5.354 ± 0.916) × 10−4
20Ne (6.693 ± 1.029) × 10−5
24Mg (8.031 ± 1.742) × 10−5
Table 2. Relative concentrations of several solar wind con-
stituents. The input data are taken from Lazar et al. (2012),
http : //ulysses.jpl.nasa.gov/science/mission primary.html
and Hundhausen (1997), see also Table 1.
3 OBSERVATIONAL DATA
Average values for protons, α-particles and electrons are col-
lected in Table 1 for two different sources.
Tables 2 and 3 present relative concentrations of several
solar wind constituents for two sets of observational data.
Table 4 offers temperature (measured in SI units) of several
solar wind ions. Since we do not have temperatures of 20Ne
and 24Mg in disposal, we consider two different values in
this paper: T [20Ne1)] = 6.905 × 10−16 J , T [24Mg1)] = 6.905
× 10−16 J , and, T [20Ne2)] = 2.762 × 10−15 J , T [24Mg2)]
= 2.762 × 10−15 J . In any case, low concentrations of 20Ne
and 24Mg secure that the temperatures of the elements do
not play any significant role in motion of a body under the
action of the solar wind.
4 NUMERICAL CALCULATIONS
Eqs. (30) and (34) represent relevant equation of motion of
a body due to the action of the solar wind. We will discuss
j nj/np
e 1.078
p 1.000
4He 3.908 × 10−2
16O (4.062 ± 0.695) × 10−4
20Ne (5.077 ± 0.781) × 10−5
24Mg (6.092 ± 1.322) × 10−5
Table 3. Relative concentrations of several solar wind con-
stituents. The input data are taken from Lazar et al. (2012),
http : //ulysses.jpl.nasa.gov/science/mission primary.html
and Zirker (1981), see also Table 1.
c© 2012 RAS, MNRAS 000, 1–??
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j k TM,j [J ]
e 1.381 × 10−17
p 1.381 × 10−17
4He 6.905 × 10−16
16O 2.762 × 10−15
Table 4. Temperatures of several solar wind ions (Pierrard 2012),
k is the Boltzmann constant.
the special case, in order to show the importance of the
equation of motion. We will use the value κ = 2.0, as a very
good approximation to reality (see Maksimovic et al. 1997,
Lazar et al. 2012, Pierrard 2012).
If κj = 2, then Eqs. (30) yield
cdD,j(κ = 2) = 32.000 × π−1 ×Xdj × cdD,j(M) ,
cdD,j(M) = 2
nj mj
np mp
,
j = e, p,4 He,heavy ions, molecular ions .(35)
Eqs. (34) reduce to
Xdj =
1
8
1
q3j
[
q−1j arctg (qj)− 1
]
+
1
8
1
qj
[
2 q−1j arctg (qj) + 1
]
+
1
8
arctg (qj) ,
qj = |−→u0 −−→v |/(
√
2 wκj) ,
wκj =
√
k TM,j/(2 mj) . (36)
As an example, we can mention that the electron drag
coefficient for the direct impact is 30-times greater than
it is conventionally assumed, i. e., cdD,e(κ = 2) = 29.4
cdD,e(Maxwell− distribution). The approximation qj .= q0j
≡ |−→u0|/(√κj wκj) is used and the data of Hundhausen (1997)
are taken into account.
5 EQUATION OF MOTION OF IDP UNDER
THE ACTION OF THE SOLAR WIND
On the basis of our presentation we can conclude that the
equation of motion of a spherical body, under the action
of the solar gravity, P-R effect and the solar wind, can be
obtained from Eqs. (30) and (31), or, using κ = 2 as a very
good approximation, Eqs. (35)-(36). The acceleration of the
body due to the solar wind is
−→
F
.
=
πR2mpnp
2 m
(
r0
r
)2
|−→u −−→v |(−→u −−→v ) ctotD ,
ctotD =
∑
j
[
αsw (1− δjp) + 0.3 δjp + 8
π
βj
]
nj
np
mj
mp
,
βj =
(
1 +
2
q2j
+
1
q4j
)
arctg (qj) +
1
qj
− 1
q3j
,
qj = |−→u −−→v |/ζ(j) ,
ζ(j) =
√
k TM,j/mj ,
−→u = u−ˆ→u ,
u = u0(1− δ cosϕ) ,
np = np0(1− δ cosϕ) ,
δ = 0.15 ,
ϕ = 2π
t− tr − tmax
T
, tr
.
=
r
2u0
, T = 11.1 yr ,
−ˆ→u = γR −→e R + γT −ˆ→u T ,
γR = cos ε ,
γT = sin ε ,
ε ∈ 〈2◦, 3◦〉 ,
−→e R = −→r /|−→r | ≡ −→r /r ,
−ˆ→u T = −ˆ→ω ×−→e R/|−ˆ→ω ×−→e R| ,
−ˆ→ω = (sinΩS sin iS ,− cos ΩS sin iS , cos iS) ,
iS = 7
◦15′ , ΩS = 73
◦40′ + 50.25′′(t[yr]− 1850) ,
np0 ≡ np0(r0) ,
r0 = 1 AU ,
αsw = 6.2± 1.2 ,
j = e, p, 4He, heavy ions, molecular ions , (37)
where δij is the Kronecker delta, Tables 1 - 4 (Sec. 3) can be
used, αsw depends on material properties of dust particle,
tmax is the instant of the solar cycle maximum, results from
Klacˇka (1994) are used for −ˆ→ω in ecliptic coordinates and
(k TM,j = 6.905 × 10−16 J 1) and k TM,j = 2.762 × 10−15
J 2))
ζ(p) = 9.0855 × 101 km s−1 ,
ζ(e) = 3.8930 × 103 km s−1 ,
ζ(4He) = 3.2122 × 102 km s−1 ,
ζ(16O) = 3.2122 × 102 km s−1 ,
ζ(20Ne1)) = 1.43654 × 102 km s−1 ,
ζ(24Mg1)) = 1.3114 × 102 km s−1 ,
ζ(20Ne2)) = 2.8731 × 102 km s−1 ,
ζ(24Mg2)) = 2.6228 × 102 km s−1 . (38)
In general, if one wants to make more exact calculations on
the basis of the future observational data, then Secs. 2 - 4
have to be used. However, the approximation κ = 2 is a
much better approximation to reality than the conventional
approach based on the Maxwell-Boltzmann velocity distri-
bution.
5.1 Analytical approach
The aim of this section is to make some analytical calcula-
tions. The derived results can immediately shed light on the
simple and most important terms in the equation of motion
of the IDP under the action of the solar wind. The new re-
sults are easily comparable with the standard results used
in scientific literature and textbooks during the last century.
5.1.1 Some useful relations
At first, the following expansions can be easily derived:
qj ≡ |−→u −−→v |/ζ(j) ,
qj
.
= q0j ×[
1−
−→v · −ˆ→u
u
+
1
2
(
v
u
)2
− 1
2
(−→v · −ˆ→u
u
)2]
,
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q−1j
.
= q−10j ×[
1 +
−→v · −ˆ→u
u
− 1
2
(
v
u
)2
+
3
2
(−→v · −ˆ→u
u
)2]
,
q−2j
.
= q−20j ×[
1 + 2
−→v · −ˆ→u
u
−
(
v
u
)2
+ 4
(−→v · −ˆ→u
u
)2]
,
q−3j
.
= q−30j ×[
1 + 3
−→v · −ˆ→u
u
− 3
2
(
v
u
)2
+
15
2
(−→v · −ˆ→u
u
)2]
,
q−4j
.
= q−40j ×[
1 + 4
−→v · −ˆ→u
u
− 2
(
v
u
)2
+ 12
(−→v · −ˆ→u
u
)2]
,
arctg (qj)
.
= arctg (q0j) +
q0j
1 + q20j
×[
−
−→v · −ˆ→u
u
+
1
2
(
v
u
)2
− 1
2
(−→v · −ˆ→u
u
)2]
− q
3
0j(
1 + q20j
)2
(−→v · −ˆ→u
u
)2
,
q0j ≡ u [ζ(j)]−1 . (39)
Eqs. (39) enable to find
βj =
(
1 +
2
q2j
+
1
q4j
)
arctg (qj) +
1
qj
− 1
q3j
.
=
(
1 +
2
q20j
+
1
q40j
)
arctg (q0j) +
1
q0j
− 1
q30j
+
{(
1 +
1
q20j
)
4
q20j
arctg (q0j) +
1
q0j
− 3
q30j
}
×
[−→v · −ˆ→u
u
− 1
2
(−→v
u
)2]
−
(
1 +
2
q20j
+
1
q40j
)
q0j
1 + q20j
[−→v · −ˆ→u
u
− 1
2
(−→v
u
)2]
+
{(
2 +
3
q20j
)
4
q20j
arctg (q0j) +
3
2
(
1− 5
q20j
)
1
q0j
− 4
q30j
}(−→v · −ˆ→u
u
)2
− q0j
1 + q20j
(
1
2
+
q20j
1 + q20j
)
×
(
1 +
2
q20j
+
1
q40j
)(−→v · −ˆ→u
u
)2
. (40)
Similarly,
|−→u −−→v |(−→u −−→v ) .= u2
[
1−
−→v · −ˆ→u
u
+
1
2
(−→v
u
)2] −ˆ→u
−u2 1
2
(−→v · −ˆ→u
u
)2
−ˆ→u
−u2
(
1−
−→v · −ˆ→u
u
) −→v
u
. (41)
5.1.2 Acceleration - dominant terms
Insertion of Eqs. (40)-(41) into Eqs. (37) yields
−→
F
.
=
πR2mpnp(r0)
2 m
(
r0
r
)2
u2 ×−→XFsw
−→
XFsw =
(
η˜2 − η˜1
−→v · −ˆ→u
u
)
−ˆ→u − η˜2
−→v
u
+
1
2
η˜1
(−→v
u
)2 −ˆ→u + η˜1−→v · −ˆ→u
u
−→v
u
− 1
2
η˜3
(−→v · −ˆ→u
u
)2
−ˆ→u , (42)
where we have omitted the terms of higher orders in v/u
and
η˜1 = − 8
π
∑
j
[(
1 +
1
q20j
)
4
q20j
arctg (q0j) +
1
q0j
− 3
q30j
]
×nj
np
mj
mp
+
8
π
∑
j
(
1 +
2
q20j
+
1
q40j
)
q0j
1 + q20j
nj
np
mj
mp
+ η˜2 ,
η˜2 =
∑
j
[αsw (1− δjp) + 0.3 δjp] nj
np
mj
mp
+
8
π
×
∑
j
[(
1 +
2
q20j
+
1
q40j
)
arctg (q0j) +
1
q0j
− 1
q30j
]
×nj
np
mj
mp
,
η˜3 = −64
π
∑
j
(
2 +
3
q20j
)
1
q20j
arctg (q0j)
nj
np
mj
mp
+
16
π
∑
j
(
1 +
2
q20j
+
1
q40j
)
q30j(
1 + q20j
)2 njnp mjmp
+
16
π
∑
j
12 + 11q20j − q40j
q30j
(
1 + q20j
) nj
np
mj
mp
+ 3η˜2 − 2η˜1 ,
q0j ≡ u [ζ(j)]−1 . (43)
One can use the values in Tables 1 - 4, see also Eqs. (38).
Finally, (42)-(43) lead to the acceleration of the IDP due to
the solar wind
−→a sw .= β
Q ′pr
G M⊙
r2
×−→Xasw
−→
Xasw =
(
η2
u
c
− η1
−→v · −ˆ→u
c
)
−ˆ→u − η2
−→v
c
+
1
2
η1
−→v · −→v
u c
−ˆ→u + η1
−→v · −ˆ→u
u
−→v
c
− 1
2
η3
(−→v · −ˆ→u )2
u c
−ˆ→u , (44)
where we introduced the dimensionless quantities (see also
Klacˇka 2008a, 2008b, Klacˇka et al. 2009)
β =
L⊙ R
2 Q ′pr
4GM⊙mc
,
ηj =
c2mpunp(r0)
ξ S0
η˜j ≡ c
2 mp u np(r0)
ξ [L⊙/ (4π r20)]
η˜j , j = 1, 2, 3 ,
ξ = 2 . (45)
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L⊙ is the rate of energy outflow from the Sun, the solar lu-
minosity, R is the radius of the IDP, m its mass, Q ′pr is
the dimensionless efficiency factor of the radiation pressure
averaged over the solar spectrum, G is the gravitational con-
stant, M⊙ is the mass of the Sun, c is the speed of light in
vacuum mp is the proton mass, np is the proton concentra-
tion in the solar wind and S0 = 1.366 × 103 W m−2 denotes
the solar electromagnetic flux. Numerically,
β = 5.760 × 102 Q
′
pr
R(µm)ρ(kg m−3)
, (46)
where R and ρ are radius and mass density of the homoge-
neous spherical IDP, and,
η1
.
= 1.0 , Hundhausen data ,
η1
.
= 1.3 , Zirker data ,
η2
.
= 1.2 , Hundhausen data ,
η2
.
= 1.6 , Zirker data ,
η3
.
= 0.9 , Hundhausen data ,
η3
.
= 1.2 , Zirker data . (47)
The error is about 0.1. In reality, the values presented in Eqs.
(47) are mean values. Time variability may be considered in
the equation of motion.
On the basis of Eqs. (47) we can conclude that η2 > η1
> η3, and, approximately,
η10
.
= 1.1 ,
η20
.
= 1.4 ,
η30
.
= 1.0 , (48)
where the index 0 denotes the time mean value. We used ηj0
.
= [ηj(Hundhausen) + ηj(Zirker)] / 2, j = 1, 2, 3.
It can be verified that the values presented in Eq. (48)
hold not only for κ = 2, but also for κ = 4. We can sum-
marize that the results given by Eq. (48) hold for 2 6 κ <
5. In any case, the observed properties of the solar wind are
characterized by the values collected in Eq. (48).
If we take into account solar cycle, then
η1 = η10 (1− η1A δ cosϕ) ,
η2 = η20 (1− η2A δ cosϕ) ,
η3 = η30 (1− η3A δ cosϕ) , (49)
where Eqs. (37)-(38) are used, the mean values are given by
Eqs. (48) and the amplitudes, describing an importance of
the oscillations due to the existence of the solar cycle, are
η1A
.
= 1.9 ,
η2A
.
= 2.2 ,
η3A
.
= 1.8 . (50)
If we want to take into account the change of the so-
lar wind properties due to the existence of the solar cycle,
then we may be interested in the contribution of the variable
component in comparison with the mean value of the accel-
erations. The amplitude of the dominant part of the variable
solar wind acceleration is proportional to (η20/Q
′
pr)η2Aδ,
since the transversal component is more relevant than the
radial component. The mean acceleration is proportional to
(1 + η20/Q
′
pr). The ratio (η20/Q
′
pr)η2Aδ/(1 + η20/Q
′
pr) is
presented in Table 5, for several combinations of the values
of the physical parameters η20, η2A and Q
′
pr (time variation
η20 η2A η20η2Aδ/(η20 +Q
′
pr)
Q ′pr = 1/2 Q
′
pr = 1 Q
′
pr = 2
0.38 2.0 0.130 0.083 0.048
1.40 2.2 0.243 0.193 0.136
Table 5. The ratio of the amplitude of the variable solar
wind acceleration to the mean value of the acceleration, i.e.,
η20η2Aδ/(η20 +Q
′
pr), for several values of the constants η20 and
Q ′pr.
was considered in Klacˇka et al. 2012, so the corresponding
values η20 = 0.38 and η2A = 2.0 are taken as reference val-
ues; δ = 0.15). The greater the value of η20, the greater is the
importance of the variable solar wind component, for a given
value of Q ′pr. In general, (η20/Q
′
pr)η2Aδ/(1 + η20/Q
′
pr) <
η2Aδ = 0.33, since η2A = 2.2 and δ = 0.15.
If one would take into account that ni = ni0 (1−δ cosϕ),
i = p, α, e, and, δ ∈ 〈 0.14, 0.15 〉, ϕ changes in 2 π
within a solar cycle (Klacˇka et al. 2012), then the ratios
between the Zirker and the Hundhausen data correspond
to, approximately, (1+δ) / (1−δ). This would indicate that
the Zirker data hold for the solar cycle minimum and the
Hundhausen data hold for the solar cycle maximum. The
Zirker and the Hundhausen data show that although the ni
= ni0 (1− δ cosϕ) holds for solar wind particles, the speed
of the particles is practically constant, independent on the
solar cycle: u = u0 ∈ 〈450, 468〉 km s−1. One may use the
value 450 km s−1, or, the mean value 460 km s−1. However,
other observational data suggest u = u0 (1− δ cosϕ) (e.g.,
Banaszkiewicz et al. 1994).
5.1.3 Solar radiation and equation of motion of IDP
Equation of motion of the spherical IDP under the action of
the solar electromagnetic and corpuscular radiation is
d−→v
dt
.
= β
G M⊙
r2
(
−→e R + η2
Q ′pr
u
c
−ˆ→u
)
− β G M⊙
r2
(−→v · −→e R
c
−→e R + η1
Q ′pr
−→v · −ˆ→u
c
−ˆ→u
)
− β G M⊙
r2
(
1 +
η2
Q ′pr
) −→v
c
+β
GM⊙
r2
[
1
2
η1
Q
′
pr
−→v · −→v
u c
−ˆ→u + η1
Q
′
pr
−→v · −ˆ→u
u
−→v
c
]
− β G M⊙
r2
1
2
η3
Q ′pr
(−→v · −ˆ→u )2
u c
−ˆ→u , (51)
where Eq. (44) is used, and, see Eqs. (37),
−→u = u−ˆ→u ,
u = u0(1− δ cosϕ) ,
δ = 0.15 ,
ϕ = 2π
t− tr − tmax
T
, tr
.
=
r
2u0
, T = 11.1 yr ,
−ˆ→u = γR −→e R + γT −ˆ→u T ,
γR = cos ε ,
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γT = sin ε ,
ε ∈ 〈2◦, 3◦〉 ,
−→e R = −→r /|−→r | ≡ −→r /r ,
−ˆ→u T = −ˆ→ω ×−→e R/|−ˆ→ω ×−→e R| ,
−ˆ→ω = (sinΩS sin iS ,− cos ΩS sin iS , cos iS) ,
u0 = 450 km s
−1 ,
iS = 7
◦15′ , ΩS = 73
◦40′ + 50.25′′(t[yr]− 1850) (52)
in ecliptic coordinates, and, see Eqs. (46), (48), (49), (50),
β = 5.760 × 102 Q
′
pr
R(µm)ρ(kg m−3)
,
η1 = η10 (1− η1A δ cosϕ) ,
η2 = η20 (1− η2A δ cosϕ) ,
η3 = η30 (1− η3A δ cosϕ) ,
η10
.
= 1.1 ,
η20
.
= 1.4 ,
η30
.
= 1.0 ,
η1A
.
= 1.9 ,
η2A
.
= 2.2 ,
η3A
.
= 1.8 . (53)
Using the approximation −ˆ→u .= −→e R, Eq. (51) reduces to
the following simple form:
d−→v
dt
.
= β
G M⊙
r2
×[
1 +
η2
Q ′pr
u
c
−
(
1 +
η1
Q ′pr
) −→v · −→e R
c
]
−→e R
+ β
G M⊙
r2
1
2
×[
η1
Q ′pr
−→v · −→v
u c
− η3
Q ′pr
(−→v · −ˆ→e R)2
u c
]
−ˆ→e R
− β G M⊙
r2
×(
1 +
η2
Q ′pr
− η1
Q ′pr
−→v · −ˆ→e R
u
) −→v
c
. (54)
The term (η2/Q
′
pr)u/c cannot be neglected, in general. It
can be neglected for the constant solar wind, since its value is
small in comparison with 1. However, for the (time-)variable
solar wind, the variable term can be dominant with respect
to other variable terms caused by the solar wind (see also
Klacˇka et al. 2012).
5.1.4 Discussion
If one would like to use the fact that the solar wind speed
depends on the phase of the solar cycle (Banaszkiewicz et
al. 1994, Klacˇka et al. 2012), then
u = u0(1− δ cosϕ) ,
ϕ = 2π
t− tr − tmax
T
,
tr
.
=
r
2u0
, T = 11.1 yr ,
u0 = (450 − 470) km s−1 , (55)
can be used. We remind that the quantity tmax is the instant
of the solar cycle maximum. Eqs. (53) hold in this case.
If the solar wind speed would not depend on the phase
of the solar cycle, then
u = u0 ,
ϕ = 2π
t− tr − tmax
T
,
tr =
r
u0
, T = 11.1 yr ,
u0 = (450− 470) km s−1 . (56)
should be used. Moreover, Eqs. (53) have to be replaced by
the following equations:
β = 5.760 × 102 Q
′
pr
R(µm)ρ(kg m−3)
,
η1 = η10 (1− η1A δ cosϕ) ,
η2 = η20 (1− η2A δ cosϕ) ,
η3 = η30 (1− η3A δ cosϕ) ,
η10
.
= 1.1 ,
η20
.
= 1.4 ,
η30
.
= 1.0 ,
η1A = 1.0 ,
η2A = 1.0 ,
η3A = 1.0 . (57)
5.1.5 Secular orbital evolution
In order to better understand the action of the solar wind,
we will neglect time variability of the wind, i.e. we will put δ
= 0 in Eqs. (37). This assumption enables us to make some
simple analytical calculations. We will use Eqs. (51) with
the approximation
−ˆ→u = −→e R + γT −→e T ,
γT =
−ˆ→ω ×−→e R
|−ˆ→ω ×−→e R|
· −→e T sin ε ,
−ˆ→ω = (0, 0, 1) ,
−→e T =
−→v − (−→v · −→e R)−→e R
|−→v − (−→v · −→e R)−→e R| ,
ε ∈ 〈2◦, 3◦〉 . (58)
The vector −ˆ→ω can be used in ecliptic coordinates, approxi-
mately, see Eqs. (37).
Let us consider motion of a spherical IDP in the grav-
itational field of the Sun and under the action of the solar
radiation. On the basis of Eqs. (51) and (58) we can write
d−→v
dt
.
= − G M⊙
r2
−→e R
+ β
G M⊙
r2
[
1 −
(
1 +
η1
Q ′pr
) −→v · −→e R
c
]
−→e R
− β G M⊙
r2
γT
η1
Q ′pr
−→v · −→e T
c
−→e R
+ β
G M⊙
r2
γT
(
η2
Q ′pr
u
c
− η1
Q ′pr
−→v · −→e R
c
)
−→e T
− β G M⊙
r2
(
1 +
η2
Q ′pr
) −→v
c
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+ β
G M⊙
r2
1
2
η1
Q ′pr
−→v · −→v
u c
−→eR
− β G M⊙
r2
1
2
η3
Q ′pr
(−→v · −→e R)2
u c
−→e R
− β G M⊙
r2
η3
Q ′pr
γT
(−→v · −→e R) (−→v · −→e T )
u c
−→e R
+ β
G M⊙
r2
γT
1
2
η1
Q ′pr
−→v · −→v
u c
−→eT
− β G M⊙
r2
γT
1
2
η3
Q ′pr
(−→v · −→e R)2
u c
−→eT
+ β
G M⊙
r2
η1
Q ′pr
×
(−→v · −→e R
u
+ γT
−→v · −→e T
u
) −→v
c
, (59)
if the terms containing γ2T are neglected, or,
d−→v
dt
.
= − G M⊙ (1− β)
r2
−→e R − β G M⊙
r2
×[(
1 +
η1
Q ′pr
) −→v · −→e R
c
+ γT
η1
Q
′
pr
−→v · −→e T
c
]
−→e R
+ β
G M⊙
r2
γT
(
η2
Q ′pr
u
c
− η1
Q ′pr
−→v · −→e R
c
)
−→e T
− β G M⊙
r2
(
1 +
η2
Q ′pr
) −→v
c
+ β
G M⊙
r2
1
2
η1
Q ′pr
−→v · −→v
u c
−→eR
− β G M⊙
r2
1
2
η3
Q ′pr
×[
(−→v · −→e R)2
u c
+ 2γT
(−→v · −→e R) (−→v · −→e T )
u c
]
−→e R
+ β
G M⊙
r2
γT
1
2
×
[
η1
Q ′pr
−→v · −→v
u c
− η3
Q ′pr
(−→v · −→e R)2
u c
]
−→eT
+ β
G M⊙
r2
η1
Q ′pr
×(−→v · −→e R
u
+ γT
−→v · −→e T
u
) −→v
c
. (60)
We will not deal with secular evolution of the IDP if
the central acceleration is given by the gravity of the Sun.
This can be done on the basis of Eq. (59) and Sec. 6.2 in
Klacˇka (2004). Our approach will concentrate on the case
when the central acceleration is given both by the gravity
of the Sun and the dominant part of the radiation pressure,
as it is given by the first part on the right-hand side of Eq.
(60). The orbital elements referring to the central accelera-
tion − [G M⊙ (1− β) /r2]−→e R will be characterized by the
subscript β, to be consistent with Klacˇka (2004).
Eq. (60) yields the following radial and transversal com-
ponents (normal component equals to 0) of the perturbation
acceleration to Keplerian motion:
FβR = −β G M⊙
r2
×[(
2 +
η1
Q ′pr
+
η2
Q ′pr
)
vR
c
+ γT
η1
Q ′pr
vT
c
]
+
1
2
β
G M⊙
r2
×[
η1
Q
′
pr
v2R + v
2
T
u c
− η3
Q
′
pr
(
v2R
u c
+ 2γT
vRvT
u c
)]
+
η1
Q ′pr
(
vR
u
+ γT
vT
u
)
vR
c
β
G M⊙
r2
,
FβT = − β G M⊙
r2
×[(
1 +
η2
Q
′
pr
)
vT
c
− γT
(
η2
Q
′
pr
u
c
− η1
Q
′
pr
vR
c
)]
+ γT
1
2
(
η1
Q
′
pr
v2R + v
2
T
u c
− η3
Q
′
pr
v2R
u c
)
β
G M⊙
r2
+
η1
Q ′pr
(
vR
u
+ γT
vT
u
)
vT
c
β
G M⊙
r2
,
vR ≡ −→v · −→e R =
√
G M⊙ (1− β)
pβ
eβ sin fβ ,
vT ≡ −→v · −→e T =
√
G M⊙ (1− β)
pβ
(1 + eβ cos fβ) ,
r = pβ/ (1 + eβ cos fβ) , (61)
where pβ = aβ(1−e2β) is the semi-latus rectum, aβ the semi-
major axis, eβ the osculating eccentricity of the orbit and
fβ is the true anomaly. Inserting Eqs. (61) into perturbation
equations of celestial mechanics for aβ, eβ and longitude of
perihelion ωβ,
daβ
dt
=
2aβ
1− e2β
√
pβ
G M⊙ (1− β) ×
[FβR eβ sin fβ + FβT (1 + eβ cos fβ)] ,
deβ
dt
=
√
pβ
G M⊙ (1− β) ×[
FβR sin fβ + FβT
(
cos fβ +
eβ + cos fβ
1 + eβ cos fβ
)]
,
dωβ
dt
= − 1
eβ
√
pβ
G M⊙ (1− β) ×[
FβR cos fβ − FβT 2 + eβ cos fβ
1 + eβ cos fβ
sin fβ
]
,
pβ = aβ
(
1− e2β
)
, (62)
neglecting change of the mass of the IDP and its optical
properties, and, using time averaging (approximation of the
exact averaging given by Eq. 103 in Klacˇka 1992a)
〈g〉 = 1
a2β
√
1− e2β
1
2π
∫ 2π
0
g (fβ) r
2dfβ , (63)
one can easily obtain the secular evolution of aβ and eβ ( g
→ daβ/dt, deβ/dt and omitting the brackets 〈〉):
daβ
dt
= − β G M⊙
c
×
2
(
1 + η2/Q
′
pr
)
+
(
3 + η1/Q
′
pr + 2η2/Q
′
pr
)
e2β
aβ
(
1− e2β
)3/2
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+ 2 γT
η2
Q ′pr
β
G M⊙
c
u/
√
G M⊙ (1− β) /pβ
aβ
(
1− e2β
)3/2
− 3 γT β G M⊙
c
√
G M⊙ (1− β) /pβ / u
aβ
(
1− e2β
)3/2
×
[
1
2
η3
Q ′pr
e2β − η1
Q ′pr
(
1 + 2e2β
)]
,
deβ
dt
= − 5 + η1/Q
′
pr + 4 η2/Q
′
pr
2
β
G M⊙
c
× eβ
a2β
√
1− e2β
+ γT
η2
Q ′pr
β
G M⊙
c
u√
G M⊙ (1− β) /pβ
×
1−√1− e2β
a2β eβ
√
1− e2β
+ γT β
GM⊙
c
√
GM⊙ (1− β) /pβ/u
a2β
√
1− e2β
×Xeβ ,
Xeβ =
(
15
4
η1
Q
′
pr
− η3
Q
′
pr
)
eβ
+
η1 − η3
4 Q
′
pr
[
1− 2
(
1−√1− e2β) (1− e2β)
e2β
]
1
eβ
,
dωβ
dt
= − η1
Q
′
pr
β
GM⊙
c
1
a2β
√
1− e2β
×
[
γT
1−√1− e2β
e2β
− 1
2
√
GM⊙ (1− β) /pβ
u
]
,
pβ = aβ
(
1− e2β
)
. (64)
Initial conditions can be found in Sec. 6.1 in Klacˇka (2004)
and will not be repeated here.
Eqs. (64) show that a systematic secular decrease of
semi-major axis and eccentricity exists, if the particle is not
ejected from the Solar System due to the radiation pressure,
for the case γT ≡ 0. However, the case γT 6= 0 for prograde
orbits is more interesting. The first of Eqs. (64) enables also
daβ/dt > 0:
aβ[AU ] > (1− β)
(
vE/u
2 γT η2/Q ′pr
)2
× X
2
aβ0
1− e2β
,
Xaβ0 ≡ 2
(
1 + η2/Q
′
pr
)
+
(
3 + η1/Q
′
pr + 2η2/Q
′
pr
)
e2β ,
daβ
dt
> 0 , (65)
or, numerically,
aβ[AU ] >
1− β
4.834
(
4.8 + 6.9 e2β
)2
1− e2β
,
daβ
dt
> 0 , (66)
if Eqs. (48) are used for η1, η2, u = 450 km s
−1, vE = 29.8
km s−1, γT = 0.052, and, Q
′
pr = 1. As an example we can
mention that daβ/dt > 0 can be fulfilled already for aβ >
4.8 AU for eβ → 0. Similarly, the second of Eqs. (64) enables
also deβ/dt > 0:
aβ[AU ] > (1− β)
(
vE/u
2 γT η2/Q ′pr
)2
×
[(
5 + η1/Q
′
pr + 4 η2/Q
′
pr
)
e2β√
1− e2β − 1 + e2β
]2
,
deβ
dt
> 0 , (67)
or, numerically,
aβ[AU ] >
1− β
4.834
(
11.7 e2β√
1− e2β − 1 + e2β
)2
,
deβ
dt
> 0 , (68)
if Eqs. (48) are used for η1, η2, u = 450 km s
−1, vE = 29.8
km s−1, γT = 0.052, and, Q
′
pr = 1. The case deβ/dt > 0
does not realize since, e.g., aβ > 113.2 AU for eβ → 0 and
aβ > 237.9 AU for eβ = 0.85. The solar wind does not act at
distances greater than about (100-150) AU and, moreover,
the action of fast interstellar gas flow plays an important
role at distances greater than about 20 AU (Pa´stor et al.
2011).
Eqs. (64) can be partially analytically integrated for the
case γT ≡ 0. The semi-latus rectum pβ = aβ(1 − e2β) and
Eqs. (64) yield
dpβ
dt
= − 2 β G M⊙
c
(
1 +
η2
Q
′
pr
) (
1− e2β
)3/2
pβ
,
deβ
dt
= − 5 + η1/Q
′
pr + 4η2/Q
′
pr
2
×β GM⊙
c
eβ
(
1− e2β
)3/2
p2β
. (69)
It can be easily verified that Eqs. (69) give
pβ = pβin
(
eβ
eβin
)αw
,
αw =
4
(
1 + η2/Q
′
pr
)
5 + η1/Q ′pr + 4 η2/Q ′pr
, (70)
where pβin and eβin are initial values of the semi-latus rec-
tum and the eccentricity.
Eqs. (70) and the second of Eqs. (69) yield
deβ
dt
= − 5 + η1/Q
′
pr + 4 η2/Q
′
pr
2
β
G M⊙
c
× (eβin)
2αw
(pβin)
2
(
1− e2β
)3/2
e2αw− 1β
. (71)
Eq. (71) shows that the eccentricity is a decreasing function
of time and the value eβ = 0 occurs at a finite time. Eqs.
(70) show that pβ = aβ = 0 at the same finite time. The
time of spiralling toward the Sun from some initial values
eβin and pβin to values eβ and pβ is
τ (eβin; eβ; η1; η2) = − 2
5 + η1/Q ′pr + 4 η2/Q ′pr
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×
(
β
G M⊙
c
)−1 (pβin)2
(eβin)
2αw
×
∫ eβ
eβin
x2αw− 1
(1− x2)3/2
dx ,
pβin = aβin
(
1− e2βin
)
,
αw =
4
(
1 + η2/Q
′
pr
)
5 + η1/Q ′pr + 4 η2/Q ′pr
. (72)
The conventional case can be obtained from Eqs. (70)
and (72):
τ (eβin; eβ; η0; η0) = − 2
5
[
β
(
1 +
η0
Q ′pr
)
G M⊙
c
]−1
× (pβin)
2
(eβin)
8/5
∫ eβ
eβin
x3/5
(1− x2)3/2 dx ,
pβ = pβin
(
eβ
eβin
)4/5
,
η0 = 0.3 , (73)
where the conventional value of η0 is added. Eqs. (72)-(73)
yield
τ (eβin; eβ; η1; η2)
τ (eβin; eβ; η0; η0)
=
5
(
1 + η0/Q
′
pr
)
5 + (η1 + 4 η2) /Q ′pr
× (eβin)8/5− 2αw Xτ12
Xτ00
,
Xτ12 ≡
∫ eβ
eβin
x2αw− 1
(1− x2)3/2
dx ,
Xτ00 ≡
∫ eβ
eβin
x3/5
(1− x2)3/2
dx . (74)
Eqs. (48), (70), (73) and (74) give the following result:
the real time of inspiralling toward the Sun is (0.54-0.56)-
multiple of the conventionally considered time for the rela-
tive time of inspiralling toward the Sun, from some eβin to
eβ = 0, see Table 6.
Eqs. (72) can be rewritten to the form
τ (eβin; eβ = 0; η1; η2) =
2 (β G M⊙/c)
−1
5 + η1/Q ′pr + 4 η2/Q ′pr
× (pβin)2 τTAB(eβin) ,
η1 = 1.1 , η2 = 1.4 ,
pβin = aβin
(
1− e2βin
)
, (75)
where the function τTAB(eβin) is represented by the data
collected in Table 7.
5.2 Stars
Our results may be applied to dust dynamics in disks around
stars with stellar winds (see, e.g., Strubbe and Chiang 2006,
Plavchan et al. 2009).
5.2.1 The time of spiralling toward the central star from
an initial orbit
On the basis of Eqs. (45) and (72) we can write for the time
of spiralling toward a central star from some initial values
eβin τreal/τconv
0.001 0.5417
0.010 0.5417
0.020 0.5417
0.050 0.5417
0.100 0.5417
0.200 0.5419
0.250 0.5420
0.500 0.5431
0.750 0.5454
0.800 0.5462
0.850 0.5471
0.900 0.5484
0.950 0.5502
0.990 0.5529
0.999 0.5547
Table 6. The ratio τreal/τconv ≡
τ(eβin; 0; η1; η2)/τ(eβin; 0; η0; η0) of the times of inspiralling of
a spherical IDP toward the Sun. Real time is compared with the
conventional approach to the time of inspiralling. Various initial
eccentricities eβin are considered, Q
′
pr = 1, η1 = 1.1, η2 = 1.4,
η0 = 0.3.
eβin τTAB(eβin)
0.001 0.6094
0.250 0.6365
0.500 0.7389
0.750 1.0504
0.800 1.1893
0.850 1.4005
0.900 1.7683
0.950 2.6327
0.990 6.4436
0.999 21.6686
Table 7. Values of the function τTAB(eβin) for various initial
eccentricities eβin, see Eqs. (75) describing time of inspiralling
toward the Sun due to the action of the solar radiation, both
electromagnetic and corpuscular.
eβin and pβin to values eβ and pβ:
τ (eβin; eβ; η1; η2) = − 2
5 + η1/Q ′pr + 4 η2/Q ′pr
×
(
β
G M⋆
c
)−1 (pβin)2
(eβin)
2αw
×
∫ eβ
eβin
x2αw− 1
(1− x2)3/2
dx ,
pβin = aβin
(
1− e2βin
)
,
αw =
4
(
1 + η2/Q
′
pr
)
5 + η1/Q ′pr + 4 η2/Q ′pr
, (76)
where
β =
L⋆ R
2 Q ′pr
4GM⋆mc
,
ηj =
c2 mp u np(r0)
2 S⋆0
η˜j ≡ c
2 mp u np(r0)
2 [L⋆/ (4π r20)]
η˜j ,
j = 1, 2, 3 . (77)
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Here L⋆ is the rate of energy outflow from the star, the
stellar luminosity, R is the radius of the IDP, m its mass,
Q ′pr is the dimensionless efficiency factor of the radiation
pressure averaged over the solar spectrum, G is the gravita-
tional constant, M⋆ is the mass of the star, c is the speed
of light in vacuum mp is the proton mass, np is the proton
concentration in the stellar wind and S⋆0 denotes the stellar
electromagnetic flux at a distance r0 from the star (S⊙0 ≡
S0 = 1.366 × 103 W m−2 is the solar electromagnetic flux).
As for the homogeneous spherical IDP we have m = (4π/3)
ρ R3, where ρ is the mass density of the IDP.
Eq. (76) yields
τSW (eβin; eβ ; η1; η2) = − 2
η1/Q ′pr + 4 η2/Q ′pr
×
(
β
G M⋆
c
)−1 (pβin)2
(eβin)
2αw0
×
∫ eβ
eβin
x2αw0− 1
(1− x2)3/2
dx ,
pβin = aβin
(
1− e2βin
)
,
αw0 =
4 η2
η1 + 4 η2
, (78)
for the stellar wind, i.e., corpuscular radiation, and,
τE(eβin; eβ) = − 2
5
(
β
G M⋆
c
)−1
× (pβin)
2
(eβin)
8/5
∫ eβ
eβin
x3/5
(1− x2)3/2
dx ,
pβin = aβin
(
1− e2βin
)
, (79)
for the electromagnetic radiation of the star.
Eqs. (78) and (79) lead to
τSW (eβin; eβ; η1; η2)
τE(eβin; eβ)
=
5
η1/Q
′
pr + 4η2/Q
′
pr
(eβin)
8/5
(eβin)
2αw0
×
∫ eβ
eβin
x2αw0− 1
(1− x2)3/2
dx
×
{∫ eβ
eβin
x3/5
(1− x2)3/2
dx
}−1
,
αw0 =
4 η2
η1 + 4 η2
. (80)
Eq. (80) yields for the near circular orbits
τSW (eβin; eβ; η1; η2)
τE(eβin; eβ)
=
5
η1/Q ′pr + 4 η2/Q ′pr
XSWE ,
XSWE =
1
(eβin)
2αw0
∫ eβ
eβin
x2αw0−1dx
×
{
1
(eβin)
8/5
∫ eβ
eβin
x3/5dx
}−1
=
4
5 αw0
(eβ/eβin)
2αw0 − 1
(eβ/eβin)
8/5 − 1
,
αw0 =
4 η2
η1 + 4 η2
,
eβin ≪ 1 , (81)
or, shortly,
τSW
τE
=
Q ′pr
η2
,
τSW
τE
≡ τSW (eβin ≪ 1; eβ ; η1; η2)
τE(eβin ≪ 1; eβ) . (82)
More straightforward approach uses the first of Eqs. (64),
when γT = 0 and, formally, eβ = 0. Similarly, Eqs. (76),
(78) and (79), give
τSW
τ
= 1 +
(
η2
Q ′pr
)−1
,
τE
τ
= 1 +
η2
Q ′pr
,
1
τ
=
1
τE
+
1
τSW
,
eβin ≪ 1 . (83)
Explicitly,
τ (eβin ≪ 1; eβ; η1; η2) = 1
4
1
1 + η2/Q ′pr
×
(
β
GM⋆
c
)−1
(aβin)
2 ,
τSW (eβin ≪ 1; eβ; η1; η2) = 1
4
Q ′pr
η2
×
(
β
GM⋆
c
)−1
(aβin)
2 ,
τE(eβin ≪ 1; eβ) = 1
4
(
β
G M⋆
c
)−1
× (aβin)2 . (84)
We can write, as a good approximation,
τSW
τE
.
=
−→
F P−R · −→e T−→
F SW · −→e T
,
τSW
τE
.
=
u
c
−→
F P−R · −→e R−→
F SW · −→e R
{
1−
(
1 +
η1
η2
) −→v · −→e R
u
}
.
=
u
c
−→
F P−R · −→e R−→
F SW · −→e R
, (85)
where
−→
F P−R is the Poynting-Robertson force (electromag-
netic radiation pressure force) and
−→
F SW is the stellar wind
force (corpuscular radiation pressure force):
−→
F P−R
.
= β
G M⋆ m
r2
×
[(
1 −
−→v · −→e R
c
)
−→e R −
−→v
c
]
, (86)
−→
F SW
.
= β
G M⋆ m
r2
×
(
η2
Q ′pr
u
c
− η1
Q ′pr
−→v · −→e R
c
)
−→e R
− β G M⋆ m
r2
η2
Q ′pr
−→v
c
, (87)
where the change of test particle mass m, due to the ac-
tion of the stellar wind, is neglected. We remind that the
electromagnetic radiation pressure force contains both the
non-velocity and velocity terms of the body moving with re-
spect to the central star, the source of the electromagnetic
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radiation; the same holds for the corpuscular radiation pres-
sure force. As for the difference between the results holding
for the κ and the Maxwell-Boltzmann distributions, one can
compare Eq. (87) with Eq. (30) in Klacˇka (2013). The forces
presented by Eqs. (86)-(87) are drag forces.
Eq. (82) can be rewritten to the form
τSW
τE
=
Q ′pr
η⊙2
η˜⊙2
η˜⋆2
L⋆
L⊙
M˙⊙
M˙⋆
, (88)
if also the second of Eqs. (77) is used. The result represented
by Eq. (88) differs from that presented by Plavchan et. al
(2009 - Eq. A10), and, also from Eqs. (31)-(32) by Klacˇka
(2013).
5.2.2 The ratio of repulsive to gravitational forces
As an illustration of the importance of our new results, we
will shortly discuss the ratio of repulsive to gravitational
forces. Defining the parameter
βESWR ≡ Felmg + Fwind
Fgrav
=
3
16 π
L⋆ PESWR
G M⋆ c ρ R
, (89)
where the dimensionless factor
PESWR = Q
′
pr +Qwind
M˙⋆ u c
L⋆
(90)
measures the extent to which the pressure exerted by the
radial wind dominates electromagnetic radiation pressure,
see, e.g., Eqs. (5)-(7) in Strubbe and Chiang (2006). We
remind that L⋆ is the luminosity of the star, M⋆ its mass
and M˙⋆ is the amount of stellar wind mass ejected by the star
per unit time. The quantity Qwind is the dimensionless cross
section the dust grain presents to wind pressure. Comparing
with our physical approach, we can write
Qwind = η2
L⋆
M˙⋆ c2
. (91)
Eqs. (89)-(90) can be rewritten to the form
βESWR = βE +
3
16 π
Qwind
M˙⋆
M⋆
u
G ρ R
,
βE =
3
16 π
L⋆ Q
′
pr
G M⋆ c ρ R
. (92)
The quantity βESWR is the relevant quantity which has to
be used as the β parameter in the initial values of orbital
elements presented by Klacˇka (2004 - Eqs. 58-59, or, as a
special case, Eqs. 60-63).
Formally, inserting Eq. (91) into Eq. (82),
τSW
τE
=
Q ′pr
Qwind
L⋆
M˙⋆ c2
. (93)
Eq. (82), the second of Eqs. (85) and Eq. (91) yield
−→
F SW · −→e R−→
F P−R · −→e R
c
u
.
=
M˙⊙ c
2
L⊙
Qwind
Q ′pr
M˙⋆
M˙⊙
(
L⋆
L⊙
)−1
. (94)
The first of Eqs. (77), the second of Eqs. (84) and Eq.
(91) yield
τSW (eβin ≪ 1; eβ; η1; η2) = 1
Qwind
m
M˙⋆R2
(aβin)
2 . (95)
5.2.3 Numerical calculations
Eq. (82) yields
τSW
τE
=
Q ′pr
η2
.
=
5
7
Q ′pr (96)
for the Solar System. This corresponds to 20% of the value
presented by Plavchan et al. (2005 - text below Eq. 3 on p.
1166).
Let us calculate the numerical value of Qwind
given by Eq. (91). We can use L⊙ = 3.824 × 1026
W and M˙⊙
.
= 2.5 × 10−14 M⊙ yr−1 (see, e.g.,
http : //en.wikipedia.org/wiki/Solar wind). If we would
use η2 = 0.38 (Klacˇka et al. 2012), then we would obtain
Qwind
.
= 1.0, which is consistent with the conventionally
used value (see, e.g., Strubbe and Chiang 2006 - p. 654).
However, if we use the physical value η2 = 1.4, then Qwind
.
=
3.8. The values M˙⊙
.
= 2.0 × 10−14 M⊙ yr−1 (e.g., Plavchan
et al. 2009 – Sec. 4.4.3) and η2 = 1.4 lead to
Qwind
.
= 4.7 . (97)
If we would use the approximation η˜⊙2/η˜⋆2
.
= 1 in Eq.
(88), then we would obtain
τSW
τE
.
=
5
7
Q ′pr
L⋆
L⊙
M˙⊙
M˙⋆
, (98)
which is different from the conventional approach using the
value 3 instead of 5/7 (see, e.g., Plavchan et. al 2009 - Eq.
A10).
Eq. (94) leads to
−→
F SW · −→e R−→
F P−R · −→e R
c
u
.
=
η2
Q ′pr
M˙⋆
M˙⊙
(
L⋆
L⊙
)−1
,
.
= 0.3
Qwind
Q ′pr
M˙⋆
M˙⊙
(
L⋆
L⊙
)−1
,
η2 = 1.4 , (99)
if the values L⊙ = 3.824 × 1026 W and M˙⊙ .= 2.0 × 10−14
M⊙ yr
−1 are used. The second of Eqs. (85) and Eq. (99)
give
τSW
τE
.
=
10
3
Q ′pr
Qwind
L⋆
L⊙
(
M˙⋆
M˙⊙
)−1
. (100)
We stress that Eq. (97) holds.
On the basis of Eqs. (84) we can write
τ (eβin; eβ; η1; η2)
τE(eβin; eβ)
6
τ (eβin ≪ 1; eβ; η1; η2)
τE(eβin ≪ 1; eβ)
.
=
1
1 + η2/Q ′pr
. (101)
This formula can be applied to the zodiacal cloud in the
Solar System. Using the approach presented by Fixsen and
Dwek (2002), Eq. (101) yields
τ (eβin; eβ; η1; η2)
τE(eβin; eβ)
6
1
1 + η2/Q ′pr
.
=
1
4
, (102)
since η2 = 1.4 and Q
′
pr = 1/2 (Fixsen and Dwek 2002, p.
1014). The mass-loss rate of the micron-sized dust particles
in the zodiacal cloud is about
M˙d = 24× 1010 kg yr−1 , (103)
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i.e. 4-times higher than the value found by Fixsen and Dwek
(2002). For a particle mass density of ̺ = 3 g cm−3, a grain
radius of 30 µm, and a radiation pressure efficiency Q ′pr =
0.5, we find that the lifetime for a particle at 1 AU is about
3.3 × 104 yr instead of 105 yr presented by Fixsen and Dwek
(2002).
We now turn to an application to M dwarfs. On the
basis of Eqs. (92) and the data given by Plavchan et al.
(2005, Sec. 5. 6), we can write
βESWR
.
=
(
xβE
gL
gM
+ xβwind
fM
gM
)
1
R[µm]
2500
ρ[kg m−3]
,
xβE = 2.30 × 10−1 Q ′pr ,
xβwind = 4.80 × 10−2 Qwind
4.7
u
[
km s−1
]
450
,
gL ≡ L⋆
0.1 L⊙
,
gM ≡ M⋆
0.1 M⊙
,
fM ≡ M˙⋆
10 M˙⊙
. (104)
Formula represented by Eqs. (104) offers higher values of
βESWR than the values discussed by Plavchan et al. (2005).
In comparison with the calculations of the authors, larger
particles escape from the stars. Moreover, one has to bear in
mind that the statement below Eq. (92) holds: e.g., particle
of βESWR = ( 1 − eP ) / 2 moves in parabolic orbit if ejected
(with zero ejection speed) at periastron of the parent body
moving in an osculating ellipse with eccentricity eP . As an
example, corresponding to the data discussed by Plavchan
et al. (2005), we take the following physical values: ρ = 2500
kg m−3, u = 450 km s−1, Q ′pr = 1, Qwind = 4.7, L⋆ = 0.1
L⊙, M⋆ = 0.5 M⊙, M˙⋆ = M˙⊙. Then, R = 0.04696 µm /
βESWR, which yields R = 4.70 × 10−2 µm for βESWR = 1,
and, R = 2.35 × 10−1 µm for eP = 0.6. These values are
235, and, 1175-times greater than the value 2 × 10−4 µm
presented by Plavchan et al. (2005) as a blowout radius.
A relation between the luminosity of the infrared excess
due to dust L1R ≈ (νLν)IR and the rate at which mass is
being removed from parent bodies and converted into dust,
M˙d, is
M˙d =
C0 L1R
c2
(
1 +
Qwind
Q ′pr
M˙⋆ c
2
L⋆
)
, (105)
where C0 is a numerical constant of order unity and it de-
pends on the assumed initial dust distribution relative to
the inner radius at which the dust sublimates (see, e.g.,
Plavchan et al. 2005, where also the value C0 = 4 is pre-
sented). Eq. (105) is consistent with Klacˇka (2013), but while
Qwind
.
= 9/4 for the Maxwell-Boltzmann distribution, the
value Qwind
.
= 4.7 holds for the κ−distribution - compare
Eq. (97).
6 CONCLUSION
The physics of the solar/stellar drag is given by Eqs. (37)-
(38). The solar/stellar wind corpuscles strike the dust par-
ticle orbiting the Sun/star and they act as a drag force.
The drag coefficient ctotD depends on the velocity distribu-
tion holding for the wind corpuscles.
Equation of motion of a homogeneous spherical body
under the action of the gravity of the Sun and the solar
electromagnetic and corpuscular radiation is given by Eqs.
(37)-(38), where the data from Sec. 3 have to be used. As
an approximation, Eqs. (51), (55) and (53) can be used, if
also the P-R effect is considered. On the basis of Eq. (54) we
can write the most simple form of the equation of motion
(to terms of order v/c and v/u):
d−→v
dt
.
= β
G M⊙
r2
×
[
1 +
η2
Q ′pr
u
c
−
(
1 +
η1
Q ′pr
) −→v · −→e R
c
]
−→e R
− β G M⊙
r2
(
1 +
η2
Q ′pr
) −→v
c
− G M⊙
r2
−→e R , (106)
if also gravity of the Sun is used. The obtained results are
based on the observational fact that κ-distribution holds for
the solar wind corpuscles. The term (η2/Q
′
pr)u/c cannot be
neglected for the time-variable solar wind.
The conventional approach uses η1 = η2 ∈ 〈0.2, 0.3〉, the
Maxwell-Boltzmann velocity distribution of solar wind cor-
puscles leads to η1 = η2 = 2/3, because the relevant contri-
butions of the solar wind action contain also the sputtering
and reflection components in addition to direct impact. The
physical result based on the observed κ−distribution yields
η1
.
= 1.1, η2
.
= 1.4 for the Solar System. The relation β
= 5.760 × 102 (L⋆/L⊙) (M⊙/M⋆) Q ′pr/(R[µm]ρ[kg m−3])
holds for the homogeneous particle of radius R and mass
density ρ. Moreover, the following approximations can be
used: ηi⋆
.
= ηi⊙ (uw⋆/uw⊙) [np⋆(r0)/np⊙(r0)] (L⊙/L⋆), i =
1 and 2, where uw is the wind speed, np(r0) is the con-
centration of protons at a given distance r0 and L is the
luminosity of the central object. As for the exact approach,
see Eqs. (43), (45) and (77).
As for the secular evolution, the most simple case is
described by Eqs. (69)-(70). Quantitative result comparing
the importance of the solar wind with respect to the P-R
effect, as for the secular evolution, is presented by Eq. (82)
corresponding to the approximation of near circular orbit.
The solar wind effect is 1.4-times more important than the
P-R effect, if Q ′pr = 1, as for the secular orbital evolution
of the spherical dust particle.
Owing to the transversal component of the P-R effect
and the effect of the solar wind, the orbits of Solar System
grains collapse in
τPR+sw
.
=
7.0× 106 yrs
Q ′pr + η2
R ρ r2
.
=
400 yrs
β
(
1 + η2/Q ′pr
) r2 ,
η2
.
= 1.4 , (107)
where R[cm] is particle’s radius, ρ[g cm−3] its mass density,
r[AU] is heliocentric distance of the particle (trajectory is
approximated by a circle - near circular orbit). This holds
under the assumption of the radial solar wind. For a particle
mass density of ̺ = 3 g cm−3, a grain radius of 30 µm, and
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a radiation pressure efficiency Q ′pr = 0.5, we find that the
lifetime for a particle at 1 AU is about 3.3 × 104 yr instead
of 1.3 × 105 yr found by Fixsen and Dwek (2002).
The non-radial component of the solar wind velocity
(γT 6= 0 in Eq. 37), the change of the solar wind properties
during the solar cycle and the decrease of the particle’s mass
enhance the difference between the solar wind action and the
P-R effect.
The equation of motion represented by the above dis-
cussed forms, including the simple Eq. (106), may signif-
icantly change our understanding of the long-term orbital
evolution of dust particles, since the total radiation effect
is more important than it has been considered up to now.
This holds both for the Solar System and surroundings of
other stars with stellar winds, see also Sec. 5.2 (e.g., the
dimensionless cross section the dust grain presents to wind
pressure is Qwind
.
= 4.7, instead of the conventionally used
value 1.0). Maybe, initial stages of creation of planetary sys-
tems are more rapid. As an application we can also mention
that more abundant sources of dust grains, e.g., asteroids
and short periodic comets, are required in the Solar System
(about 4-times of the conventional ideas). Other applications
concern orbital evolution in mean-motion orbital resonances
with planets, possible capture of interstellar dust grains in
the Solar System, etc. .
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